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We have cloned and expressed a mouse brain K+ channel that is the homolog of the Drosophila Shab K+ channel. Mouse and Drosophila Shab K+ channels (mShab and fShab, respectively) represent an instance of K+ channels in distantly related species that are both functionally and structurally conserved; most kinetic, voltage-sensitive, and pharmacological properties are similar for the 2 channels. The greatest functional difference between the currents is recovery from inactivation, which is several times slower for mShab than for fShab currents.
In addition to conserved structure, the mShab polypeptide has an unusually long nonconserved region at the carboxyl end of the protein. Truncation of 293 residues from the carboxyl end produced no noticeable change in voltage-sensitive, kinetic, or pharmacological properties.
Thus, the measured functional properties of mShab are determined by the remaining 564 residues, most of which are conserved.
The mShab and fShab channels are naturally occurring structural variants having substitutions in conserved portions that appear relatively neutral with respect to all measured properties except for, possibly, the rate of recovery from inactivation.
The mshabcurrent closely resembles a native delayed-rectifier-type potassium current, /,, in hippocampal neurons.
Potassium channel diversity is generated by an extended gene family encoding homologous channel proteins. An extended gene family consisting of 4 distinct members was originally isolated from Drosophila (Tempel et al., 1987; Kamb et al., 1988; Pongs et al., 1988; Butler et al., 1989; Wei et al., 1990) .
Each Drosophila gene, Shaker, Shab, Shaw, and Shal, is conserved in mammals (Baumann et al., 1988; Tempel et al., 1988; Frech et al., 1989; Yokoyama et al., 1989; Wei et al., 1990) where some are present as multigene subfamilies.
cDNAs from at least 6 mammalian Shaker subfamily genes have been isolated and expressed in the Xenopus expression system (Baumann et al., 1988; Stuhmer et al., 1988 Stuhmer et al., , 1989 Tempel et al., 1988; Christie et al., 1989 Christie et al., , 1990 McKinnon, 1989;  Shaker homologs closely resembles the Shaker current from Drosophila; most mammalian currents of Shaker homologs undergo slow inactivation and have been categorized as "delayed-rectifier" channels. The
Drosophila Shaker current, in contrast, is a transient, A-type K+ current (Connor and Stevens, 1971; Salkoff, 1983; Sole et al., 1987; Iverson et al., 1988; Timpe et al., 1988a,b) . Although one of the mammalian Shaker currents, RCK4, does show rapid inactivation, it differs significantly from the Drosophila A-current in its voltage-sensitive properties (Stuhmer et al., 1989) .
We show, however, that the mouse and Drosophila homologs of Shab K+ channels (mShab and jShab) represent an instance of homologs in distantly related species that are functionally as well as structurally conserved. This is true with regard to their voltage-sensitive properties and most kinetic and pharmacological properties.
The properties of the mShab current also closely match those of one type of delayed rectifier current, I,, observed in the rat hippocampus.
Unlike the mammalian Shaker type ofdelayed-rectifier currents, which activate very rapidly, mShab and jShab currents activate more slowly. mShab and fShab currents also differ from the mammalian Shaker currents in that they are insensitive to 4-aminopyridine (4-AP). r&hub and jShab currents are distinct from a previously expressed homolog of Drosophila Shab isolated from the rat brain, drkl (Frech et al., 1989) .
Materials and Methods
Screeningofthe mouse brain cDNA library. A mouse brain cDNA library kindly provided by J. Merlie was screened using a degenerate synthetic oligonucleotide probe (CGA/,TCA/,AAA/,AAA/,TAT/~.T~/~TT) based on a highly conserved region (mShab1 residues 8 l-87; Fig. 1 ). Oligonucleotides were end labeled with 32P using T-4 nucleotide kinase (Maniatis et al., 1982) . Hybridization conditions-were 5 x SSPE (1.1 M 'NaCI, 60 mM NaH,PO,, 6 mM Na,EDTA, pH 7.7), 5 x Denhardt's, and 0.5% SDS at 42°C for 12 hr; filters were washed in I x SSC (Maniatis et al., 1982) with 0.1% SDS at 25°C. The first mShab cDNA isolated was incomplete and was used as a probe, under conditions of high stringency, to isolate the full-length clone mShab1. The high-stringency conditions were 5 x SSPE, 5 x Denhardt's, and 0.5% SDS at 65°C for 12 hr followed by a wash in 0.1 x SSC with 0.1% SDS at 55°C.
Nucleotide sequence determination and analysis. The mShab1 cDNA was subcloned into both M13mp18 and pBluescriptI1 SK+ vectors (Stratagene). Both single-stranded and double-stranded DNAs were used as templates, and bidirectional sequencing was performed using the dideoxy technique (Sanger et al., 1977) . Sequences were analyzed using MICROGENIE software (Beckman). The truncated mShablA5*' was sequenced and analyzed in a similar manner.
Vector construction and cRNA synthesis. mShab1, mShablATo5, and fShab cDNAs were subcloned into plasmid vectors (pBluescript II SK+, .,.,.,.,...,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.: .,.,.,.,.,.,.,.,.,.,.,. Identical amino acid residues common to both mShab1 and fshab are shaded. Amino acid residues that differ between mShab1 and drkl are shown below the corresponding mShab1 residues; the drkl residues are shown in parentheses.
The first stop codon upstream and in frame with the designated translation initiator methionine codon is marked with asterisks (***). The mShab1 amino acid residues l-4 (underlined) are not present in the deduced drkl protein sequence. The underlined amino acid residues 81-87 are conserved in most K+ channels. The SphI restriction site (1691; ~~Shubl~~~~ truncation site) is double underlined. This figure contains the corrected version of the Shabll amino acid residues 626-627 and 681-702 ). Stratagene), which served as template for in vitro transcription reactions. The w&hub1 construct included the sequence shown in Figure 1 and an additional 800 base pairs (bp) of a 3' untranslated region..Thenhub cDNA is the Shubll cDNA ). Expression was enhanced hv the replacement of the original translational start site with the consensus translation initiation sequence CCACCATGG (Kozak, 1986) . The mShublA565 cDNA was made from the mS= cDNA by cleaving at the SphI site ( Fig. 1, 169 1 ) and removing the downstream sequence. A 200-bp fragment containing the 3' untranslated sequence and the translation stop signal was added at the SphI site. The polymerase chain reaction techniaue (Perkin Elmer: Saiki et al., 1985) was used to synthesize this fragment.
Capped cRNA for both mShub1 andfShub was synthesized in vitro as previously reported . The transcription reaction contained 3 fig of linearized template DNA, 1 mM nucleotide triphosphates, 1 mM ?mG(5')ppp(5')G (cap analog; New England Biolab), and 20 U T3 RNA polymerase, in supplied (Stratagene) transcription buffer and was incubated at 37°C for 1 hr.
Expression of cRNAs in Xenopus oocytes. Oocytes were injected with -50 nl (annroximatelv 100 na) cRNA in water and incubated in ND96
(as below, plus 1.8 mM CaCl,), supplemented with 2.5 mM sodium pyruvate, penicillin (100 U/ml), and streptomycin (100 &ml), at 19°C
for 24 d. Prior to injection with cRNA, Xenopus luevis oocytes (stage 4-6) were incubated for 2 hr in collagenase (1 mg/ml; type IA, Sigma) in ND96 without Ca*+ (96 mM NaCl, 2 mM KCI, 1 mM MgCl,, 5 mM HEPES, pH 7.5). Macroscopic currents were recorded in ND96 using a conventional 2-microelectrode voltage clamp. One mM 4,4'-diiosothiocyanatostilbene-2,2'-disulfonicacid (DIDS; Calbiochem) was added to block the endogenous Ca2+-dependent Cll current. Current records were filtered at 0.5 or 1 kHz with an I-pole Bessel filter, acquired digitally with CCURRENT, and analyzed using CQUANT (software written by Keith Baker). Curve fitting was done using nonlinear least-square fitting routines (CQUANT and NFIT, Island Products). Recordings were performed at room temperature (2 l-24°C) or at 15°C using a Peltier device (Cambion).
Results
Isolation and sequencing of Shab clones A full-length mShab clone (mShab1) was isolated by taking advantage of a sequence of 7 amino acids upstream of the Sl transmembrane region found to be conserved in most potassium channels (Fig. 1, . A degenerate oligonucleotide probe based on these 7 amino acids was used to screen a mouse brain cDNA library. A 1.7-kilobase (kb) 5'-biased cDNA clone was isolated and subcloned into an Ml 3mp18 vector. Singlestranded sequencing using the same degenerate oligonucleotide as a primer revealed homology with the Drosophila Shah gene (Butler et al., 1989) . Further sequencing revealed that this clone was truncated at the 3' end between the Sl and S2 transmembrane region by a natural EcoRI site (Fig. 1,655) . A larger cDNA of approximately 3.5 kb containing the complete translated region was isolated using the 5'-biased cDNA as a probe to screen the same library. The cDNA inserts were subcloned into M 13mpl8 and Bluescript vectors for sequencing. The isolation of the Drosophila Shabll (fShab) cDNA was reported previously (Butler et al., 1989) .
Sequence analysis and primary structure of mShab 1 The full-length mShab cDNA, mShab1, has an open reading frame of 2571 nucleotides, which encodes a protein of 857 amino acid residues of MW 96,000 (Fig. 1) . The putative translation initiation codon is the first ATG triplet upstream in the longest open reading frame. Upstream from this ATG translation start site, the reading frame is closed by a TGA stop signal (Fig. 1) . The 5' untranslated region extends approximately 1.0 kb upstream of the assigned initiation codon and may not represent the complete 5' end of the transcript. The sequence surrounding the assigned initiation methionine (CCAGCGATGC) agrees at 6 of 10 sites with the consensus sequence for eukaryotic initiation (GCCV,CCATGG; Kozak, 1986 Kozak, , 1987 Kozak, , 1989 ; the important purine residue (G) is present at -3. The open reading frame is terminated by a TGA codon at position 2572, followed by approximately 800 bp of 3' untranslated region. A polyadenylation signal, AATAAA (Proudfoot and Brownlee, 1976) is present, as well as a polyA tail of 22 nucleotides.
The mShab1 andJShab conceptual proteins have very similar hydrophilicity profiles in the central core region containing the 6 putative hydrophobic transmembrane regions S l-S6 (Fig. 2) . The similarity of profiles for the intramembrane regions sharply contrasts with the lack of similarity seen in the terminal regions. It can be seen from Figure 2 that the relative position of the conserved core within the protein as a whole differs considerably between mShab1 andflhab; for mShab1, the conserved core is much closer to the N-terminal and resembles most other cloned K+ channels in this regard (Schwarz et al., 1988; Butler et al., 1989; Stuhmer et al., 1989) .
The degree of identity between mShab1 and fshab is approximately 70% over the conserved region (Fig. 1) . This is in contrast to an average of approximately 38% when comparing the percent identity of either Shab protein with a Shaker protein from either fly or mouse . The total conservation between mShab1 andjShab over the area compared in Figure 1 is approximately 83%.
Differences are present between mShab1 and JShab outside of the central core region. The mShab1 peptide has an extended C-terminal portion, whereas the fshab peptide has a longer N-terminal portion. The homology between mShab1 andfShab begins close to the initiator methionine of mShab1 ( Fig. 1; mShab  6 ). Because of the large nonconserved N-terminal extension of fshab (Butler et al., 1989 ) the conserved portion of the protein in fShab begins 253 residues downstream from the initiator methionine in the lly protein. Notably, the mShab1 initiation site is at the border of conservation shared by all 4 K+ channel subfamilies, Shab, Shaker, Shaw, and Shal.
Asparagine-linked glycosylation consensus sequences (NXT/s; Komfeld and Komfeld, 1985) are found in a similar position The currents were linear leak subtracted, but the capacitative current was not subtracted. The interval between trials was 10 sec. Because the mShab1 current recovers from inactivation more slowly than thefShab current (see Results), the membrane was hyperpolarized to -120 mV for 5 set during the initial half of the interval between trials in mShab1 experiments to speed up recovery from inactivation. Because the recovery process is steeply voltage dependent (see Results), virtually all mShab1 channels are available for activation at the end of the 5-set prepulse at -120 mV. The results for mShab1 were the same when the membrane was at -90 mV during the interval between trials; however, the interval between trials had to be lengthened to allow all the channels to recover from inactivation (15-20 set). Peak current-voltage relationships are plotted below the current traces. Notice the sharp voltage responsiveness of both channels at approximately -50 mV. B, Peak conductancevoltage relationships for mShab1 (solid circles) and jShab (open circles). Left, the peak membrane conductance (G) was calculated for a given command voltage (V,) and peak current response (I,,,) from the expression G = I,,, /(k', -k',), where V, is the 0 current membrane potential for a given channel. V, was measured from tail current analysis and was determined to be between -90 and -80 mV for all the studied cells (see Fig.  7 ). Instantaneous current-voltage relationships were approximately linear in the studied voltage range, as determined by similar experiments. G was normalized to the peak membrane conductance at +50 mV (G,,,) . Each symbol is the mean +SD of 6 and 10 oocytes injected with mShab1 or /Shah cRNA, respectively. The membrane reached half-maximal conductance at similar voltages for both mShab1 andfShab (-14 and -19 mV, respectively) . Right, mean values (G/G,,.) were plotted as ln(G/G,,,) versus command voltage (Hodgkin and Huxley, 1952a) . The slopes (dotted lines) between -50 and -40 mV were calculated to estimate the limiting equivalent voltage sensitivity of the channels; the activation of both currents appears equally voltage sensitive (10 mVle-fold). between S3 and S4 in both mShab1 andjShab (Fig. 1, mShab  283 ,JShab 530). One consensus site conserved in most K+ channel families is found in the segment linking Sl and S2 (Butler et al., 1989) ; this site, present injShab, is not found in mShab1 (Fig. 1 ,fShab 465) . It is presently unknown whether native Shab channels are glycosylated.
Potential CAMP-dependent phosphorylation sites (WLys-AWL,.-X-"r/,,, or A'p/LyS-A'p/Ly,-X-X-"r/~~~~ Krebs and Beavo, 1979) are present in both mShab1 andfShab on the carboxyl side of the S6 region. One of these sites is shared by both mShab1 and JShab ( Fig. 1; mShab 444 , jShab 690), whereas another is at similar but not identical sites (mShab 496, Fig. 1 ; Shabl I 73 1, Butler et al., 1990) . The fshab has a third site (Shabll 796, Butler et al., 1990) , whereas the mShab1 has only 2 potential phosphorylation sites. One or more of these sites are conserved in all K+ channels identified to date, which is proposed to be located on the cytoplasmic side in most models (Guy and Conti, 1990 ).
Functional expression: mShab1 and lShab currents have similar current-voltage relations To compare the functional properties of mShab1 and jShab currents, Xenopus oocytes were injected with either mShab1 or jShab cRNA, incubated for approximately 48 hr, and then subjected to voltage-clamp analysis using the 2-microelectrode technique. Figure 3A shows mShab1 andfShab currents evoked (Hodgkin and Huxley, 1952b). in response to a family of command pulses from -80 to +50 mV in 1 0-mV increments from a holding potential of -90 mV. A comparison of the current-voltage relation of mShab1 and fShab currents is also shown. For both mShab1 andfShab currents, net (leak subtracted) outward currents were detectable at command voltages more positive than -50 mV, which indicated a similar activation "threshold" for both currents. The current-voltage relation became linear for both mShab1 and fshab currents between -20 and +40 mV.
To obtain additional information about the activation parameters of the currents, the normalized conductance-voltage relations were plotted for an average of 6 (mshabl) and 10 (fShab) injected oocytes (Fig. 3B, left graph) . In both cases, the conductance rose sharply with depolarization and reached its half-maximal value between -15 to -20 mV. By plotting these data on a semilogarithmic graph (Fig. 3B, right graph) , we found that mShab1 andfShab channels had equal limiting equivalent voltage sensitivities (10 mV per e-fold change in conductance). mShab1 current activation is delayed relative to lShab Both mShab1 andfShab currents display a relatively slow rate of current activation. However, a closer inspection of the rising phase ofthe currents at low voltages (Fig. 4) (1) (Storm, 1988) was estimated after correction for temperature and voltage dependence (assuming a Q,,, of 3 and a voltage sensitivity of 28 mV/e-fold; see Results). L The holding potential at which half of the channels are inactivated. This parameter and the inactivation slope were estimated from the best fit of the data to a Boltzmann isotherm (see Fig. 5 caption) . / Slope of the Nernst theoretical line in mV per IO-fold change in external K' concentration. 8 The concentration of inhibitor necessary to block half of the current (see Fig. 8 ).
-40 mV, where slow current activation and the absence of inactivation allow accurate and reproducible measurements. A comparison of the 2 currents showed that mShab1 required almost twice the time asJShab to activate (Table 1 ). This extra time required for mShab1 current rise is due to slower kinetics of current activation. To describe the time course of current activation (Fig. 4) , we fitted the data with an empirical exponential function (Hodgkin and Huxley, 1952b) . For both mShab1 andfihab, the data were best described by the sum of 2 powered exponential terms. However, to describe mShab1 current activation, the exponential terms had to be raised to a higher power (see Fig. 4 caption) . This reflected the substantially longer delay seen in mShab1 activation (Fig. 4) . For both mShab1 andflhab currents, the powers of the exponential terms needed to describe the delay of current activation were independent of voltage in the range of -40 to -20 mV (Fig. 4) . This was true even though the overall rates of current activation increased at -20 mV relative to -40 mV. Similar results were obtained at 22°C; the powers of the exponential terms needed to describe the delay of current activation were the same as in 15°C experiments (even though the overall rates of current activation were faster).
Although the kinetics of current rise differ between mShab1 andflhab, both currents activate at a rate substantially more slowly than the currents expressed by the mammalian homologs of Shaker, an example of which is RCKI (Table 1) . mShab1 and fShab currents have similar prepulse inactivation properties, but the rate of recovery from inactivation d@ers Both mShab1 andfShab currents display a clear decay phase during long depolarizing step pulses from a holding potential of -90 mV (Fig. 6 ). Although the rates of current decay are slow, they are well described by an exponential function with time constants measured in seconds (Table 1) . mShab1 andfShab currents showed a consistent difference in this property; when depolarized to +20 mV, the time constant of current decay for mShab1 was about half that ofjShab.
Although mShab1 andjShab currents are different with regard to macroscopic inactivation rate, the voltage sensitivity of prepulse inactivation is similar. In Figure 5 , the best fit to a Boltzmann isotherm indicated that both currents were half-inactivated at about -45 mV; the slope factor of both curves was approximately 7 mV per e-fold change in both cases (Table 1) .
The rate of recovery from inactivation, however, greatly dif- by a test pulse to +20 mV after a loset prepulse. Prepulses were applied from -90 to -20 mV in increments of 5 mV. In the interpulse interval, the membrane was held at -90 mV for 10 set forfShab or for 5 set at -120 mV followed by 5 set at -90 mV for mShab1. The additional interpulse hyperpolarization for mShabZ was to insure the full recovery of these channels from inactivation (see Pr-epulse Potential (mV) fers for mShab1 andfShab currents. This is shown in Figure  6A , where the response to a second identical voltage pulse is shown after an interval of 1 sec. ForJShab, the response to the second pulse is virtually as large as the first. mShabl, in contrast, only recovered to about 25% of its original amplitude in response to the second pulse, which is less than the amplitude of the current at the end of the preceding pulse. This is most likely due to cumulative inactivation (Aldrich et al., 1979 ), which causes mShab1 to recover more slowly thanflhab. Indeed, at a holding potential of -90 mV, the recovery from inactivation was almost 10 times faster forfShab than for mShab1 (Fig. 6B , Table 1 ). Further investigation of recovery from inactivation for mShab1 currents showed that the process was both steeply voltage and temperature dependent. Thus, at a more negative holding potential, -120 mV, the time constant decreased 3-fold to 1 0.4 set (n = 3) from 4.2 f 1.5 set (n = 6) at -90 mV. At an elevated temperature, 35°C the rate of recovery (at -90 mV) was approximately 1 set, indicating a relatively high Q,,, for this process. A similar temperature dependence was observed for fShab.
Similar ion selectivity and pharmacological properties To assess the ion selectivity of the mShab1 andfShab channels, the reversal potentials of tail currents were measured in different concentrations of external K+. Figure 7A shows an example of current tail reversal in 2 rnM external K+ concentration. Figure  7B shows that, as expected for K+-selective channels, the reversal potential became more depolarized in higher external I(+. Regression analysis for experiments between 5 and 96 mM external K+ showed slopes of 55 and 53 mV (per lo-fold change in K+ concentration) for mShab1 andf;rhab, respectively (Table   1) . These values are close to 58 mV, the theoretically expected value for a purely K+-selective channel.
mShab1 andfShab currents were insensitive to 4-AP. Less than 5% of either current was blocked by 3 mM 4-AP. However, mShab1 andflhab were both sensitive to tetraethylammonium chloride (TEA), though mShab1 channels were about 5-6 times more sensitive to TEA than fshab channels (Fig. 8 , The conserved functional properties are determined by the conserved structure Although the mShab1 and fshab amino acid sequences have large nonconserved regions outside of the conserved core, the conserved functional properties appear to be determined by structures within or closely flanking the conserved core of the protein. Hence, we created a truncated version of mShab1 (mShablA56s) that consists mainly of the conserved portions of the channel, and observed the functional properties of the current expressed by the shortened form. The mShab1 cDNA was cut at the Sph 1 site at nucleotide 169 1, and a termination codon was added (Figs. 1, 2 ). This construction removed 293 amino acid residues from the carboxyl end of the protein; most of the remaining 564 amino acids are conserved. Note that the site of truncation in mShab1 (Fig. 2, arrow) leaves the region having the conserved hydrophobicity profile intact. The amino terminal region of the shortened clone begins at the normal mShab1
initiator methionine, which is only 10 residues upstream from the conserved region (Fig. 1) . The shortened clone ends approximately 80 residues downstream from the end of conservation. Analysis of currents expressed by the shortened form of the channel showed that the measured kinetic, voltage-sensitive, and pharmacological properties did not differ significantly from the values shown in Table 1 . An example of the similar behavior of this truncated form is shown in Figures 5 and 6A , which shows similar prepulse inactivation properties, inactivation rate, and rate of recovery from inactivation for mShab1 and mShablh565. However, the average current response of oocytes injected with comparable amounts of cRNA was about 10 times smaller for mShablh565 compared to mShab1. The average current amplitude evoked at +20 mV in the same batch of injected eggs was 0.09 + 0.08 PA (n = 6) for mShablAs6' compared to 1.2 f 0.6 PA (n = 7) for mShab1. Because the major difference between mShab andfShab is in the rate of recovery from inactivation, we noted with great in-terest that the recovery from inactivation rate was unaffected by the truncation. In previous studies of the Shaker channel (Iverson et al., 1988; Timpe et al., 1988a) , the region near the carboxyl terminal had been implicated in determining the rate of recovery from inactivation. Apparently, the sequence removed from mShab1 does not contain a sequence functionally analogous to that present in the carboxyl terminal region of Shaker clones.
Discussion
Shab delayed rectifier currents are distinct from other cloned channels Most of the mammalian Shaker subfamily K+ channels have been categorized as delayed rectifiers because of their slow inactivation, while the fly Shaker current is categorized as an A-current because of its rapid inactivation. However, all Shaker subfamily channels, whether from fly or mammals, share the common property of very rapid current activation, and all are sensitive to 4-AP (Christie et al., 1989; Stuhmer et al., 1989) . These properties contrast with those of mShab1 and jShab, which have slow activation of macroscopic current and are insensitive to 4-AP. Even a mammalian homolog of Drosophila Shaw that has been expressed (Yokoyama et al., 1989) activates at a rate that is considerably faster than either mShab1 orf;rhab. The current-voltage relation of this mammalian Shaw homolog also differs from Shab currents in that it is considerably shifted to depolarized voltages. The properties of mShab1 closely resemble those of a native delayed-rectifier-type potassium channel (I,) in molluscan neurons (Adams et al., 1980) and in rodent hippocampal neurons (Segal and Barker, 1984) . Table 1 is a comparison of several properties between I, from hippocampal neurons and several cloned K+ channels. With regard to pharmacological properties, activation "threshold," macroscopic current rise time, current decay, and recovery from inactivation, mShab1 is the best match. In addition, as seen for mShab1 (Fig. 6A) , IK in vivo also undergoes cumulative inactivation (Aldrich et al., 1979) . Z, and mShab, however, do not seem to match in all measured properties; the major difference is the midpoint of the prepulse inactivation curve (Table 1) .
The functional similarities between ZK and mShab1 are remarkable, but the question may arise as to whether it is valid to compare currents seen in vivo with currents expressed in Xenopus oocytes. Zagotta et al. (1989) showed that Shaker channels behave similarly in vivo and in oocytes. Thus, it is possible that Z, is encoded by the mShab1 gene, but this remains to be seen.
The high degree of interspecies conservation could be an indication that the functional role of this particular potassium channel is highly defined and restricted to a common role in vertebrates and invertebrates. The main function of Z, could be to provide a delayed repolarization of a slow action potential or to provide a delayed termination of a burst of action potentials (Adams et al., 1980; Hille, 1984) . In contrast, the Shaker homologs, which activate more rapidly, could be involved in more rapid phenomena.
Conservation of mShab1 and lShab mShabl andfShab proteins are, in large part, both structurally and functionally conserved, though neither the conserved structural portions nor the functional properties are identical. The conserved portion contains the proposed transmembrane structures of the channels and, in addition, extends into a region upstream towards the amino terminal that is proposed to be cytoplasmic (Tempel et al., 1987) . This region is conserved in all members of the K+ channel extended gene family .
The entire extent of conservation between mShab1 andfShab is approximately 470 residues long. Because truncation of the large carboxyl extension of mShab1 produced no observable alteration of mShab1 functional properties, the conserved regions and the regions immediately flanking the conserved region are likely to contain virtually all of the structure that is important for determining the measured biophysical properties of the channel. Indeed, this conserved region is only slightly larger than the area of homology common to all proteins coded by the extended gene family of potassium channels and, thus, the similar properties of all voltage-gated potassium channels are likely to be determined by structures within this region. The amino acid substitutions between mShab1 andfShab that are present in the conserved core of the proteins appear to be relatively neutral with regard to the voltage-sensitive properties common to mShab1 and jShab.
Relative to the other potassium channel subfamily members, both mShab1 and j5'hab are large proteins; mShab1 has an unusually long nonconserved region at the carboxyl end of the protein, whileDhub is extended on the amino terminal side. The functions of these large regions remain to be determined, but because they do not seem to be involved in determining the kinetic and voltage-sensitive properties that we have measured, other candidate functions may involve subcellular localization or anchoring, pathway of biosynthesis, protein lifetime or tumover rate, or sites of channel modulation. However, the protein sequences we refer to are deduced from the cDNA nucleotide sequence and are based on the assumption that the first AUG of each sequence is the translational start site. The "first AUG rule" holds for hundreds of mRNA sequences that have been analyzed; well over 90% have translational initiation at the first AUG (Kozak, 1987 (Kozak, , 1989 . jShabZZ has polyglutamine immediately downstream from the putative initiator methionine, which is also found in some Shaker proteins (Tempel et al., 1987; Butler et al., 1989) . Antibodies directed against a synthetic peptide based on the sequence ofthis region recognize the Shaker channel protein (Schwarz et al., 1990) . Additional evidence that the first AUG is the translational start site comes from an analysis of codon bias; our DNA analysis program (MICROGENIE, Beckman), which analyzes codon usage in all 3 reading frames, suggests a high likelihood that both amino and carboxyl termini are translated regions. Although there is considerable circumstantial evidence that translational initiation is at the first AUG of the largest open reading frame in both species, this has not yet been proven.
In comparing kinetic, voltage-sensitive, and pharmacological properties, perhaps the major difference observed between mShab1 andfShab was the rate of recovery from inactivation. In the Shaker channel, the rate of recovery from inactivation is modified by residues towards the carboxyl end of the protein (Iverson et al., 1988; Timpe et al., 1988a) . The difference observed in the rate of recovery between mShab1 andfShab may also be due to differences at that end of the protein. However, our truncation experiments suggest that, if this is the case, the important structure is likely to be included within the sequence of the shortened version of mShab1. This is because the rate of recovery of the shortened version of mShab1 was not affected by the truncation.
With regard to the differences in current activation delay be- tween mShab1 andfihab, it is interesting to note that Hodgkin and Huxley (1952b) suggested that the delay in current activation might be directly related to the number of independent gating particles of a channel, and this number might be reflected in the power of the exponential term needed to describe the delay. However, they also recognized that this might be an oversimplification, and that there might be no such simple relationship between kinetics and structure. Even though the 2 channels, mShab1 andfihab, have different activation delays, we assume that these conserved channels have equal numbers of subunits and gate through a mechanistically similar process. Thus, because the exponential terms describing mShab andJShab current activation require different powers, the numerical values ofthese powers are not likely to have a simple relationship to channel structure or gating mechanism.
Mouse and rat Shab K' channels: a puzzle One unresolved question centers on the differences observed between mShab1 and a similar Shab homolog isolated from rat brain. Even though mShab1 is similar in sequence to drkl, a Shab homolog isolated from rat brain (Frech et al., 1989) , mShab1 is much closer tofShab in its functional properties than to drkl. When expressed in Xenopus oocytes, drkl codes for a K+ current that activates at a rate comparable to mShab1. However, in contrast to mShab1 andflhab, drkl channels activate in a voltage range that is more than 30 mV more depolarized. Also distinct are the pharmacological properties of drkl; mShab1 and fShab channels are more than 100 times less sensitive to 4-AP than are drkl channels (Table 1 ). The inactivation properties of drkl have not been reported, and, thus, a comparison cannot be made. Two regions differ between mShab1 and drkl. Seventeen amino acid differences are present on the carboxyl side of the protein, most of which are downstream from the area of conservation between mShab1 andJShab. A second difference is the putative initiator methionine for mShab1, which is 4 amino acids upstream from the initiator methionine of drkl. Otherwise, the deduced peptides are identical.
Of the 17 amino acid differences on the carboxyl side of mShab1, 14 are absent in the truncated form of mShab1. Because the truncation of mShab1 produces no changes in those properties that differ between mShab1 and drkl, it is unlikely that those 14 residues play a role in distinguishing the functional properties of mShab1 from drkl. It is possible that the long carboxyl extension, when present in the drkl form, may interact with the conserved structure of the channel, but does not with the substitutions present in mShab1. Mutagenesis studies may be necessary to reconcile the functional differences between these 2 channels.
Note added in proox In light of the recent findings of Mackinnon and Yellen (1990) , the fivefold differences in TEA sensitivity between mShab andfShab could be due to the different residues at mShab 384, Fig. 1 .
